Abstract
Introduction

30
Efficacy of antimicrobials against bacteria is quantified using time-kill curves 31 and is subsequently captured in so-called pharmacodynamic (PD) functions, The bacterial inoculum is the bacterial population size N at t 0 = 0h (N inoc = N (t = 0)). The slope of the curve results from fitting a log-linear function to the population dynamics. The slope of timekill curve representing dynamics of bacteria starting at a high inoculum size (orange) is higher than dynamics of bacteria starting at a low inoculum (blue). In absence of an inoculum effect, the slope is independent of the inoculum (dashed orange line). (b) Alternative to measuring time-kill curves, efficacy can also be determined with the MIC. An inoculum effect is observed if increasing the inoculum size from low (blue) to high (orange) increases the MIC. 
131
Here, we assume that finding the bacterial cell is the rate limiting step for an on the number of free targets is more appropriate (see (12 )).
136
The term Ω(N i ) in eq. 1 summarizes replication processes, which we modeled 
The parameter f x,i denotes the fraction of cells from class N x that are redis-
142
tributed to N i due to replication.
143
Bacteria in class N i die with a natural death rate d i and due to interaction 144 with the antimicrobial. We assume that the antimicrobial is bactericidal only.
145
The bactericidal effect becomes apparent in the zombie stage. Once a threshold number of antimicrobial molecules has hit the cell (i = z), the cell enters the 147 zombie class. In the basic model, we assume complete multi-hit (31 ), with 148 z = n. In the zombie class, bacteria are doomed to die and do so with an 149 increased death rate d z > d.
150
The multi-hit model allows us to keep track of the amount of antimicrobials
151
A. In the basic model, we assume that there is no loss of antimicrobials due 152 to non-reversible binding, non-targeted binding, or degradation, i.e. we assume 153 that all antimicrobial molecules are recycled back into the system after death:
The variables N and A are used in a term describing mass action kinetics. 
162
Variations in the Multi-hit framework
163
We determined the multi-hit model based on the ODE system presented above.
164
In the basic model (eq. 1-3), we assume the case of complete multi-hit (31 ),
165
with z = n. the membrane, than pores needed to kill a cell.
178
In the case of (ii) non-reversible binding, we set µ = 0 and assume that 179 antimicrobial molecules are not recycled back into the system, which results in
In the case of (iii) non-reversible and non-targeted binding, we assume that 
Case (iv), enzymatic degradation, changes the absolute amount of total an-186 timicrobials in the system, which also happens in the cases (ii) and (iii). Bacteria 187 can produce proteases, e.g. aureolysin (23 ), which catalyze hydrolysis of AMPs.
p and that enzymes degrade antimicrobial molecules with the rate d E :
In 
Pharmacodynamic function
196
The pharmacodynamic (PD) function ψ(A 0 ) (1 , 2 ) describes the net growth 197 rate for given antimicrobial concentration that was put in the system at t = 0
Here, the effect e describes the reduction of the net growth rate due to antimi- the minimum net growth rate ψ min = ψ(A 0 → ∞), and the slope parameter κ.
205
Alternatively, the PD function can be described with the parameters ψ max , the 206 maximum effect E max , with E max = ψ max − ψ min , the dose that results in half
207
of the maximum effect A 50 , with ψ(A 50 ) = E max /2, and κ. 
216
We extend the PD function with information about the inoculum effect, 217 ψ(A 0 , N inoc ). The inoculum effect is quantified as slope m of the function
with y = 0 and y = E max /2 in the case of ψ(A 0 = M IC P D ) and ψ(A 0 = A 50 ),
219
respectively.
220
The PD function is implemented in a population model to estimate popula-221 tion dynamics, with
Here, ψ max = b. We used this framework before (38 ).
223
Pharmacokinetic function
224
To model competition (see below), we use the pharmacokinetic (PK) function 
227
Without binding, the pharmacokinetic (PK) function is
with n × 8h ≤ t ≤ (n + 1) × 8h.
229
Competition
230
To describe competition between a sensitive strain S and a resistant strain R,
231
we extend the basic multi-hit model, with
Here, i and j describe the number of targets hit on a sensitive and resistant 233 bacterial cell, respectively, with 0 ≤ i, j ≤ n. Strain R has a 10 times lower 234 attachment rate (α j = α i /10) which reflects modification in the surface of bac-
235
terial cells, which is a common resistance mechanism against AMPs (21 ). To 236 model realistic long term population dynamics, we also include a carrying ca-237 pacity, as it is done in (12 ):
We simulated population dynamics in a window of 7 days.
239
Implementation
240
The multi-hit model was implemented in R (39 ) (version 3.4.0) in RStudio (40 ) RColorBrewer (43 ). The code is available upon request.
244
Results
245
We developed a mathematical model to describe the interaction between a bacte- antimicrobials, but not their total amount, decreased during the time course.
262
The decrease in the amount of free antimicrobials was dependent on the and therefore the PD parameters are dependent on the bacterial inoculum.
287
In terms of specific PD parameters, both the M IC P D , the amount of antimi- 
Quantifying the inoculum effect
We quantified the inoculum effect in terms of the PD function by incorporating 307 how the PD parameters change due to changes in the bacterial inoculum. We al- This linear relationship describes how many antimicrobial molecules A 0 we 313 need to achieve an effect, specified in terms of net growth rate ψ, for a given how much antimicrobials we need to achieve a given pharmacodynamic efficacy.
323
With these two parameters, we can also describe how much more antimicrobials 324 we need to achieve the same pharmacodynamic efficacy when we increase the 325 bacterial inoculum x-fold:
Thus, the increase in antimicrobials required to achieve the same effect on an 327
x-fold increased inoculum is, in general, less than x-fold.
328
The PD parameter κ was calculated in terms of the PD parameters M IC P D describe the net growth of bacteria for given N inoc and A:
Degradation enhances the inoculum effect and m A50 , were higher compared to reversible binding ( fig. 3c, 3d ). Again, due For a higher resolution of this time frame, but without carrying capacity, see figure 3a,3b). (b) We predicted long term dynamics based on ψ(A 0 , N inoc ) with a simple population model (eq.14). All parameters used for the simulations are listed in tab. S1.
while only the mechanism-based multi-hit model could describe more complex 393 population dynamics.
394
Predicting the outcome of bacterial competition
395
We used the multi-hit model to ask how the inoculum effect influences compe-396 tition and, more specifically, how the bacterial inoculum affects the competi-397 tiveness of a recently mutated, more resistant strain. To answer this question,
398
we extended the multi-hit framework to two bacterial strains, strain S and R.
399
Strain R is more resistant to the antimicrobial than strain S due to a 10 × 400 lower attachment rate α. Note that production of extracellular enzymes is also 401 a mechanism of bacterial resistance, but here we tried to avoid complex popu- 
406
We were interested if a resistant strain that is introduced in the system 407 can take over the population within the simulation time. Strain R was not fig. 5e and fig. 5d ). other things κ, were not affected by the inoculum effect.
433
In this work, we analyzed the inoculum effect based on mathematical mod- 
442
In our analysis, the inoculum affected the PD parameters M IC P D , A 50 , and 443 κ. Generally, the M IC P D , A 50 , and κ increased with increasing inoculum size.
444
Because we calculated the slope parameter κ from M IC P D and A 50 , the effect 445 of the inoculum on this parameter was a direct consequence of the effect on 446 M IC P D than A 50 . We have previously shown that changes in PD parameters 447 alter predictions about survival and resistance evolution of bacteria (38 ).
448
We quantified the inoculum effect as change in the PD parameters. An 449 important insight in this context concerns a key parameter in our multi-hit 450 modeling framework: the more targets are needed to be hit to kill a cell (z), the more pronounced was the inoculum effect on the PD parameters M IC P D ,
452
A 50 , and κ. This result suggest that the inoculum effect is stronger the more 
457
In a next step, we determined the effect of enzymatic degradation in addition 
476
In our framework, the inoculum effect was caused solely by binding and 
481
Although we did not focus on these explanations, it is possible to extend the 482 multi-hit framework to incorporate these explanations. These further mecha-483 nisms will exacerbate the inoculum effect that arises from the binding kinetics.
484
To investigate the influence of the inoculum effect on bacterial competition,
485
we extended the basic multi-hit model by a resistant strain R. We assumed 486 that the resistant strain is less prone to be hit by antimicrobials due to surface 
498
The absence of the inoculum effect has been reported repeatedly (17 , 55 ). In 499 our system, the inoculum effect was not perceivable in certain regions of the PD 500 plane: for very small and very high antimicrobial numbers, the inoculum effect 501 was absent. In addition, the inoculum effect on the MIC might be challenging 502 to detect because of inherent uncertainties in determining the MIC by using 503 doubling dilutions. As a concrete example, if, by increasing the inoculum, the
504
"real" value of the MIC increases from 9 to 15, the measured MIC would be teria. We showed that the inoculum effect emerges from this simple dynamics.
526
The quantitative aspect of this effect are surprisingly complex. We also showed 527 that the inoculum effect influences the competitive dynamics between bacte- 
Number of bacteria at time t = 0, with N inoc = Ntot(t = 0). A Number of free antimicrobial molecules at time t, with A 0 = A(t = 0). E Number of extracellular bacterial enzyme molecules at time t.
We used
Number of enzyme-antimicrobial complexes at time t, with E.A(t = 0) = 0. fig. 2d-2f) . Note that all model variations shown here do not result in an change of the PD parameters E max , ψ max , and ψ min . All parameters used for the simulations are listed in tab. S1. fig. 2d -2f result in no effect on these PD parameters. All parameters used for the simulations are listed in tab. S1. The figures show the dynamics of (a) the amount of antimicrobial molecules (A(t)), (b) bacterial population size N (t), and (c) extracellular proteins (E(t)) within the first 24h after exposure to antimicrobials. Here, we compared dynamics with extracellular proteins (solid lines) and dynamics of the basic model (dashed lines) as well as dynamics for a low (blue) and a high (orange) initial bacterial population size. In (b), we marked the time frame typically used to determine the net growth rate ψ(A 0 ). All parameters used for the simulations are listed in tab. S1. Figure S7: The effect of the bacterial inoculum on outcome of competition with the extended PD function (gray: S is more abundant, red: R is more abundant, white: extinction at the end of the simulation). All parameters used for the simulations are listed in tab. S1.
